The actinomycete Frankia has never been transformed genetically. To favour the development of Frankia cloning vectors, we have fully sequenced the Frankia alni pFQ31 cryptic plasmid and performed analyses to characterise its coding and non-coding regions. This plasmid is 8551 bp-long and contains 72% G+C. Computer-assisted analyses identified 18 open reading frames (ORFs). These ORFs show a synonymous codon usage different from the one of Frankia chromosomal genes, suggesting an evolutionary bias linked to the nature of the replicon or a horizontal transfer. Three ORFs were found to encode genes likely to be involved in plasmid replication and stability: parFA (partition protein), ptrFA (transcriptional repressor of the GntR family) and repFA (initiation of replication). DNA signatures of a replication origin were identified in the ptrFA^repFA intergenic region. These structural motifs are similar to those observed among origins of iteron-containing plasmids replicating via a a mode. ß
Introduction
Bacterial genetic transformation can be obtained using several strategies. One of them is through the development of vectors derived from native plasmids. In Frankia, plasmids have been detected and divided into four groups: one for the 8-kb plasmids, one for the 18-kb plasmids, one for the 35-kb plasmids and one for the 55-kb plasmids [1] . Frankia has not been genetically transformed so far, but some attempts to build a cloning vector from a plasmid of the 8-kb group (pFQ31) have been made. Normand et al. [2] cloned an Escherichia coli^Streptomyces shuttle vector into pFQ31, leaving pFQ31 as the sole possible actinomycetal replicon. However, transformation of Streptomyces lividans using this construct could not be obtained. Some years later, Cournoyer and Normand [3] also tried to develop Frankia vectors including constructs based on the use of the integrative properties of some actinomycetal vectors, and constructs that could make use of Frankia genetic recombination. Nevertheless, transformation was not observed even if all these plasmids were shown to enter cells by electroporation [3, 4] . Many reasons can explain these failures to transform Frankia, such as problems with heterologous genetic transcription, plasmid stability and protection systems against foreign DNA. Moreover, pFQ31 genetic manipulations were performed without knowledge of the location of its replication unit. The above reasons could have resulted in the deletion or disruption of key positions. Here, we present the ¢rst report on the characterisation of an indigenous Frankia plasmid (pFQ31). These data will favour the development of future Frankia cloning vectors. This is also the ¢rst report showing that a Frankia plasmid can have codon biases di¡erent from the chromosomal genes, suggesting that plasmids might have been acquired by horizontal transfer. Sequencing Frankia plasmids (and in the long run its genome) will improve our understanding on Frankia and its interactions with plants.
Materials and methods

Strains and culture media
Frankia alni ArI3 [5] was grown in 0FTW medium [6] . E. coli DH5K (Gibco BRL/Life Technologies, Cergy Pontoise, France) was grown at 37³C in Luria^Bertani broth [7] .
DNA manipulations and sequencing
All DNA manipulations were performed following standard procedures [7] . Digestion of plasmid DNA with restriction enzymes was carried out under the conditions recommended by the suppliers (Gibco BRL/Life Technologies, Cergy Pontoise, France). The F. alni ArI3 plasmid extraction procedure was according to Simonet et al. [6] . The complete nucleotide sequence of pFQ31 plasmid was obtained after restriction enzyme digestions, subclonings into pBluescript (SK-, Stratagene Europe, The Netherlands), and sequencing using the Dynamic and Dye terminator sequencing kit (Amersham Pharmacia Biotech, Orsay, France) on the automated £uorescence sequencer 373A Perkin Elmer (Norwalk, CT, USA).
DNA sequence analysis
DNA sequence analyses were performed using the testcode, best-¢t, base composition, terminator and promoter programs of the GCG (University of Wisconsin) and Staden (Cambridge) packages available on the INFOBIOGEN server (http://www.infobiogen.fr/). Open reading frames (ORFs) were identi¢ed using FramePlot 2.3 (http:// www.nih.go.jp/Vjun/cgi-bin/frameplot.pl). DNA and amino acid (aa) homology searches were done online using BLASTN and BLASTX (http://www.ncbi.nlm.nih.gov/blast/). The between/within multivariate method available from the ADE-4 package (http://pbil.univ-lyon1.fr/ADE-4/MacMul4.html) was used.
Results and discussion
General characteristics of pFQ31
pFQ31 (EMBL database accession number AJ297945) was found to have a length of 8551 bp and to have a total G+C content of 72%. This is consistent with the total G+C content of Frankia total DNA, estimated to be around 66^75% [8] . The restriction endonuclease map of pFQ31 plasmid, deduced from its sequence (Fig. 1) , shows some di¡erences with the one presented by Normand et al. [2] . Two KpnI sites are observed here instead of one, and four SphI sites instead of three. We have found one site for EcoRV and XhoI that were not detected experimentally by Normand et al. [2] .
The testcode program was used to position coding and non-coding regions on both strands of pFQ31 (Fig. 2) . ORFs (longer than 70 bp) among the coding regions were then identi¢ed using FramePlot 2.3 and all possible start codons. The 17 ORFs detected using this approach are shown in Fig. 2. 
ORF analysis
For each ORF, the G+C content in the ¢rst, second and third position of each codon was computed (respectively, GC1, GC2 and GC3). All representative Frankia chromosomal genes available in the databases (see Fig. 3 for their accession numbers) were also analysed for their G+C content at the three positions of each codon, to determine the most frequent situation encountered among Frankia and to identify pFQ31 ORFs that are likely to be coding sequences. A unique G+C pro¢le is observed among the Frankia chromosomal genes characterised so far, GC3 (91%) s GC1 (68%)vGC2 (49%), but pFQ31 G+C content divides the ORFs into two groups; (a) ORFs with GC3 s GC1 s GC2: ORFs Ar F , B F , E F , H F , Pr F and Qr F ; (b) ORFs with GC3 6 GC1 or GC2: ORFs Cr F , Dr F , Fr F , G F , J F , Kr F , Lr F , M F , Nr F , O F and Sr F . The Mann^Whitney non-parametric test shows that the di¡er-ences between these two groups are signi¢cant for GC1 and GC3 (P = 0.024 and 0.001, respectively). The ¢rst group (a) of pFQ31 ORFs shows a pro¢le similar to the one observed for Frankia chromosomal genes. The average %G+C at each codon position is, respectively, 77, 56 and 88%. These values, as the one observed for the chromosomal genes, are similar to the %G+C content predicted by Muto and Osawa for a genome of approximately 70% G+C [9] . A sequence similar to a ribosome-binding site is observed upstream of the start codon of each ORF of the ¢rst group. A canonical 335/310 E. coli-type promoter is found upstream of the start codon of ORFs Ar F and Qr F . In the second group (b) of ORFs, GC3 is lower than the GC1 and/or GC2. This is a situation di¡erent from the one observed for the Frankia chromosomal genes. No sequence similar to a ribosome-binding site is observed upstream of the start codon of any of these ORFs. Putative transcriptional terminators are observed at the 5P-end of ORFs Nr F and Sr F , and two 335/310 E. coli-type promoters are observed upstream of ORFs Cr F and O F putative start codons.
Codon usage analysis
To test the di¡erences between the ORF predicted on the plasmid and Frankia chromosomal sequences (accession numbers are given in Fig. 3) , we have ¢rst veri¢ed that the chromosomal genes available were likely to be representative of the chromosome and then performed a between/within analysis. Our chromosomal genes data set is dominated by nif gene representatives. The representativity of these genes for the study of the codon usage of a microorganism was tested by using all gene sequences available for Anabaena vulgaris (143 genes with 21 nif sequences). A between/within analysis showed that there was no signi¢cant di¡erence between the codon usage of nif genes and the other chromosomal genes of this cyanobacteria. This suggested that we could use our data set to compare codon usage between plasmid and chromosomal ORFs. The between/within analysis was thus performed. This analysis was not performed on the two classes of plasmid ORFs (described in Section 3.2) separately because of the limited number of individuals for each class (respectively, 6 and 11). As the between/within analysis tries to ¢nd the best linear combination of variables (here the codons) allowing separation of the di¡erent classes, the grouping of the two categories of plasmid ORFs has no incidence on the quality of the discrimination. The ¢rst step of our between/within analysis consisted in the computation of a correspondence analysis on a table in which the di¡erent groups to be discriminated are ordered. A table containing the absolute frequencies for the 61 codons corresponding to amino acids was used. The two groups were the 17 plasmid ORFs (#1) and the 26 chromosomal genes (#2). After that, the between/within analysis itself was computed, using the statistical triplet produced by the correspondence analysis. To estimate the validity of the discrimination between the two groups, a jack-knife resampling test was performed. The distribution of the factor score for the two groups on the only axis of the between/within analysis is given in Fig. 3a . The accuracy of the discrimination computed using the jack-knife test was found to be 90.7%, suggesting that the plasmid ORFs have a di¡erent synonymous codon usage than that of the chromosomal genes. The factor scores for the codons allowed us to identify the synonymous codons, which discriminate one group from another. Here, GC-ending codons (position 3) are speci¢c of chromosomal genes while AU-ending codons are speci¢c of plasmid ORFs.
In order to estimate if our plasmid ORFs really encode proteins, and to show that the discrimination obtained is not a simple opposition between coding and non-coding sequences, we have performed a second between/within analysis on a set of simulated sequences. Using the base composition of the ORFs, we have randomly generated 17 sequences of the same length and same base composition as the corresponding ORFs (but not the same codon composition). Then, we have computed the between/within analysis with the simulated sequences and the chromosomal genes previously used. The distribution of the factor scores for the 17 simulated sequences is narrower than that for the plasmid ORFs (Fig. 3b) . This re£ects the fact that truly coding sequences have biases in their codon composition with synonymous codons often used and others avoided. In simulated sequences and in non-coding regions, the frequency of triplets encountered is more homogeneous and so, synonymous codon usage variability is lowered. We compared the variance of the factor scores for the 17 ORFs and the simulated sequences using the Fisher test. The di¡erence between the two distributions is indeed signi¢cant (F = 6.05, P = 8U10 34 ). This thus suggests that most pFQ31 ORFs are coding and have speci¢c codon biases which are, as described in the above paragraph, di¡erent from that of Frankia chromosomal genes.
ORF description
Three ORFs (Qr F , B F and E F ) out of the 17 identi¢ed in pFQ31 showed signi¢cant similarities with genes involved Fig. 3 . Distributions of factor scores for the two between/within analyses computed (a) using the 17 predicted plasmid ORFs (1) against the 26 representative Frankia chromosomal genes (2) (accession numbers U53363, AF119361, M58415, AF142435 and L10631) and (b) using the 17 simulated sequences (1) (see text for description) and the same set of chromosomal genes (2) . In (a), a jack-knife resampling test showed that pFQ31 synonymous codon usage is signi¢cantly di¡erent from the chromosomal genes. In (b), a Fischer test showed that the distribution of the factor scores for the simulated sequences is signi¢cantly narrower than the one of the plasmid ORFs. in plasmid replication and stability. Signi¢cant similarities with the other 14 ORFs were not detected. The deduced aa sequence of ORF Qr F (243 aa) shows similarities with partitioning proteins : 47% similarity (29% identity) in a 211-aa overlap to ParA of pRA2 of Pseudomonas alcaligenes (212 aa) [10] and 50% similarity (32% identity) in a 188-aa overlap to ParA of pCLP of Mycobacterium celatum (214 aa) [11] . These proteins are thought to physically separate DNA molecules and provide equal distribution of genetic material upon cell division. Such a partitioning mechanism allows stable inheritance of plasmids. ORF Qr F was named parFA.
ORF B F encodes a putative protein of 294 aa. The deduced aa sequence shows signi¢cant similarities with transcriptional repressors of the GntR family involved in a kil^kor system. In such systems, the kil gene (kill phenotype) speci¢es functions lethal to either the host or the plasmid, when unregulated by the kor (for kill override) gene. ORF B F shows 50% similarity (33% identity) in a 254-aa overlap to KorSA of Streptomyces ambofaciens plasmid pSAM2 [12] . In Streptomyces plasmids, such as pIJ101 or pSAM2, the kil^kor system is associated with transfer, the kill function being attributed to tra genes (transfer gene). pSAM2 KorSA indirectly controls pSAM2 replication, integration and excision via the regulation of the pra gene, which is di¡erent from the Kor protein of other Streptomyces plasmids that directly control plasmid transfer [12^13] . No sequence similar to pra or tra genes has been observed in pFQ31 nor sequences resembling any of the kil genes described in the databases. Nevertheless, disruption of this ORF may lead to the expression of a gene having a kill phenotype not described so far. This would prevent successful transformation from happening, killing cells harbouring this plasmid. ORF B F was named ptrFA.
The deduced aa sequence of the ORF E F (202 aa) shows signi¢cant similarities with Rep proteins (Fig. 4 ) required for initiation of replication. They are found in plasmids replicating via a or rolling circle (RC) mechanisms. ORF E F shows 50% similarity (41% identity) in a 71-aa overlap with pCLP Rep of M. celatum [19] , 39% similarity (34% identity) in a 153-aa overlap with pJAZ38 Rep of Mycobacterium fortuitum [14] , 52% similarity (41% identity) in a 31-aa overlap with pSOX Rep of Rhodococcus sp. [15] and 35% similarity (28.5% identity) in a 105-aa overlap with pSAM2 Rep of S. ambofaciens [16] . All of these proteins seem to be longer than ORF E F ; pFQ31 ORF E F is 202 aa-long whereas Mycobacterium and Rhodococcus Rep were suggested to be around 350 aa. However, for pSOX, only a 21.4-kDa Rep protein was observed experimentally, suggesting a length more in agreement with the detected Frankia Rep [15] . We have thus performed the testcode analysis on the pSOX rep region and con¢rmed that the pSOX Rep protein is likely to be shorter (186 aa) than predicted earlier (350 aa). The pJAZ38 rep region was also re-analysed with the testcode program and, again, we have found that its Rep protein is likely to be shorter than suggested earlier, matching the expected size of the Frankia Rep. On the basis of these similarities, pFQ31 ORF E F was named RepFA. The mechanisms of replication of Rhodococcus and Mycobacterium plasmids showing similarities to RepFA are not known but that of pSAM2 is. pSAM2 replicates via a RC mechanism and the similarities observed between pSAM2 RepSA and RepFA could suggest a RC replication (RCR) for pFQ31. However, pSAM2 RepSA (459 aa) is twice as long as RepFA, and the three motifs observed in RepSA as in other Rep proteins of RCR elements were not detected among RepFA. In fact, other properties described below rather suggest that pFQ31 replicates via a a mode.
Origin of replication
The intergenic region between ptrFA and repFA shows signi¢cant similarities with the replication region of some plasmids (Fig. 4) . It contains several structural motifs usually found in the origin of replication of iteron-containing plasmids, replicating via a a mode of replication (Fig. 4) . In such plasmids, repeated sequences of around 20 bp (called iterons) are located close to an AT-rich region. These iterons provide multiple binding sites for the Rep protein. Additional direct and/or indirect repeats that could serve as sites for regulation, and one or more sites for DnaA binding are also found in these origins (for review see [17] ). The pFQ31 sequence from position 2342 to 2374 has a total A+T content of 66.6%, which is much higher than the A+T content of the pFQ31 total sequence (38%). Four 22-bp direct iteron-like repeats (DR III ) are adjacent to this AT-rich region. Each iteron-like repeat contains a 5-bp inverted repeat (IR 2 ) and a 5-bp imperfect direct repeat (DR II P) of the 9-bp DR II . These DNA sequence features are typical of Rep-binding sites. Some other direct and inverted repeats are also found in the ptrFA^repFA intergenic region (Fig. 4) : one 6-bp inverted repeat (IR 1 ), ¢ve 5-bp direct repeats (DR I ), three 5-bp direct repeats (DR IV ) and one 13-bp inverted repeat (IR3). These additional repeats could serve as binding sites for regulators or for the chromosomally encoded DnaA protein. Boxes matching partially the consensus DnaAbinding site (TTG/ATCCACA [18] ) are found inside DR IV and DR II .
A novel pFQ31 derivative, pFQ199
The present study identi¢ed many coding and non-coding regions on pFQ31. These data will direct strategies for the construction of pFQ31-based cloning vectors. We now know that EcoRV, EcoRI and XhoI are single cutters that should be avoided because they are likely to disrupt essential parts of pFQ31. Normand et al. [2] used the SstI restriction site of pFQ31 to build their cloning vector. Here, we show that this leads to the deletion of a 90-bp region at the beginning of ptrFA. This deletion could explain the absence of transformation with this pFQ31 derivative. Restriction enzymes that do not cut essential regions, such as BclI, BstBI or MstII, seem to represent better choices for the insertion of genetic markers and for the construction of pFQ31 cloning vectors.
We have thus attempted to build an actinomycetal pFQ31 vector using the BclI restriction site. A transformation experiment using Frankia cells can take around 6^12 months from the time that one gets putative transformants to the ¢nal tests about the maintenance of the cloning vector. S. lividans was thus used as a model actinomycete to test the e¤cacy of our construct. pFQ31 was cut at its BclI site and was then ligated into pFQ188 (a pKK232-8 derivative) which contains a CAT (chloramphenicol acetyltransferase) gene under the control of Frankia rrnP2 promoter and RBS [19] . This construct, named pFQ199, could be cloned into E. coli by selecting for Cm-r (chloramphenicol resistance). It was then extracted and used to transform S. lividans TK24 protoplasts following [20] . A pIJ487 [21] derivative with a CAT gene under the control of rrnP2 (see [19] ) was used to verify the transformability of the S. lividans protoplasts. Nevertheless, S. lividans could not be transformed using pFQ199. Several substitutions between Frankia and Streptomyces DnaA-like boxes could explain this failure to transform S. lividans. Frankia DnaA boxes might not be recognised by the Streptomyces DnaA. We are now in the progress of cloning Frankia dnaA to improve pFQ199. Including Frankia dnaA into a pFQ31 derivative could overcome problems related to DnaA-binding speci¢cities.
